Tsinghua Science and Technology
Volume 20

Issue 4

Article 1

2015

WiSeREmulator: An Emulation Framework for Wireless Structural
Health Monitoring
Rajat Khanda
Department of Electrical Eng., University of Houston, Houston, TX 77204, USA.

Rong Zheng
Department of Computing and Software, McMaster University, Hamilton, ON L8S4K1, USA.

Gangbing Song
Department of Electrical Eng., University of Houston, Houston, TX 77204, USA.

Follow this and additional works at: https://tsinghuauniversitypress.researchcommons.org/tsinghuascience-and-technology
Part of the Computer Sciences Commons, and the Electrical and Computer Engineering Commons

Recommended Citation
Rajat Kh, a, Rong Zheng et al. WiSeREmulator: An Emulation Framework for Wireless Structural Health
Monitoring. Tsinghua Science and Technology 2015, 20(4): 317-326.

This Research Article is brought to you for free and open access by Tsinghua University Press: Journals Publishing.
It has been accepted for inclusion in Tsinghua Science and Technology by an authorized editor of Tsinghua
University Press: Journals Publishing.

TSINGHUA SCIENCE AND TECHNOLOGY
ISSNll1007-0214ll01/09llpp317-326
Volume 20, Number 4, August 2015

WiSeREmulator: An Emulation Framework for
Wireless Structural Health Monitoring
Rajat Khanda, Rong Zheng , and Gangbing Song
Abstract: Many competing approaches exist in evaluating sensor network solutions differing by levels of ease
of use, cost, control, and realism. Existing work concentrates on simulating network protocols or emulating
processing units at the machine cycle level. However, little has been done to emulate the sensors and the physical
environments that they monitor. The main contribution of this work is the design of WiserEmulator, an emulation
framework for structural health monitoring, which gracefully balances the trade-offs between realism, controllability,
and cost. WiserEmulator consists of two main components — a testbed of wireless sensor nodes and a software
emulation environment. To emulate the excitation and response of piezo-electric transducers, as well as the wave
propagation inside concrete structures, the COMSOL Multi-Physics software was utilized. Digitized sensing output
from COMSOL was played back via a multi-channel Digital-to-Analog Converter (DAC) connected to the wireless
sensor testbed. In addition to the emulation of concrete structures, WiSeREmulator also allows users to choose prestored data collected from field experiments and synthesized data. A user-friendly Graphical User Interface (GUI)
was developed that facilitates intuitive configurations of experimental settings, control of the on-set and progression
of the experiments, and real-time visualization of experimental results. We have implemented WiSeREmulator
in MATLAB. This work advances the state of the art in providing low cost solutions to evaluating Cyber Physical
Systems such as wireless structural health monitoring networks.
Key words: structure health monitoring; cyber physical systems; emulater

1

Introduction

Sensor networks have gained much attention in
the last decades. Advancements in MEMS and
sensor technologies make it feasible to design
networked embedded devices equipped with sensing,
processing, and power-efficient radio modules. These
 Rajat Khanda and Gangbing Song are with Department of
Electrical Eng., University of Houston, Houston, TX 77204,
USA. E-mail: rkkhanda@mail.uh.edu; gsong@ uh.edu.
 Rong Zheng is with Department of Computing and Software,
McMaster University, Hamilton, ON L8S4K1, USA. E-mail:
rzheng@mcmaster.ca.
 To whom correspondence should be addressed.
Manuscript received: 2015-06-03; accepted: 2015-06-23

smart devices can cooperatively monitor a system
or physical conditions. Sensor networks have been
applied in monitoring the health of civil structures,
tracking objects, and studying the wild life habitat,
among others. Unlike conventional networks, sensor
networks face many challenges including power
constraints, limited processing power, large scales
of node deployment, and reduced reliability[1] . To
evaluate the performance of sensor network designs,
many approaches including mathematical modeling,
simulation, and testbeds can be adopted. Simulators
are widely used in networking research due to its
scalability and ease of control. However, they have
limited fidelity[2] as it is difficult to simulate the
physical layer properties or the sensing environment
without resorting to mathematical models. Testbeds,
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as the scaled down version of real systems, are
more accurate but suffer from poor scalability and
controllability. Furthermore, they are often difficult
or too expensive to deploy in realistic settings. This
problem is more acute in the design of Structure
Health Monitoring (SHM) systems. SHMs concern
the monitoring of external impacts[3] and changes in
structural conditions[4] to determine the serviceability
of the structure under study. Deploying a wireless
sensor testbed in functioning structures for the purpose
of evaluating sensor network algorithms and protocols
is subjected to high costs, building codes, and
administrative approvals.
Having recognized the pros and cons of simulation
tools and testbeds, we propose to use emulation for
testing and evaluation of wireless SHM systems, which
combines both virtual (software) and real (hardware)
components. The boundary between the virtual and real
components can be decided by the tradeoff between
accuracy, controllability, and costs. Our proposed
emulation framework, WiserEmulator, consists of two
main components – a testbed of wireless sensor nodes
and a software emulation environment. To emulate the
excitation and response of piezo-electric transducers,
as well as the wave propagation inside concrete
structures, the COMSOL Multi-Physics software is
utilized and integrated. Digitized sensing outputs
from COMSOL are played back via a multi-channel
Digital-to-Analog Converter (DAC) connected to the
wireless sensor testbed. In addition to the emulation of
concrete structures, WiserEmulator also allows users to
choose pre-stored data collected from field experiments
and synthesized data. A user-friendly Graphical User
Interface (GUI) is developed to facilitate intuitive
configurations of experimental settings, control of the
on-set and progression of the experiments, and realtime visualization of experimental results. Experiments
demonstrate that WiSeREmulator can give similar
results as measurements from an actual test beam.
Though WiserEmulator is currently designed for SHMs,
it is our belief it can be easily extended to other types of
applications due to its component-based design.
The rest of the paper is organized as follows.
In Section 2, existing simulation and emulation
tools for Wireless Sensor Networks (WSNs) are
reviewed. The architecture and detailed implementation
of WiSeREmulator are presented in Section 3 and
Section 4, respectively. Evaluation results are shown
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in Section 5 followed by conclusions in Section 6.

2

Background and Related Work

In this section, we first give a brief overview of
evaluation techniques for WSNs, and then describe the
background of the targeted SHM system.
2.1

Evaluation techniques for WSNs

The design of emulation and simulation tools has been
explored and studied intensely.
TOSSIM[5] was designed to test the TinyOS
applications. By replacing a small number of these
components with abstractions, TOSSIM emulates the
behavior of underlying raw hardware .e.g., analog to
digital converter, clock, EEPROM, transmit strength
variable potentiometer, boot sequence components,
and several components of the radio stack/. It
is useful for testing TinyOS applications and the
operating system itself but tends to be inaccurate in
simulating low level protocols. SENSE[6] improves
upon TOSSIM in extensibility, reusability, and
scalability. It enhances the extensibility of the
simulator by using a component-based architecture
based discrete event simulator[7] . Elimination of
interdependencies among the modules in SENSE also
increases reusability. SENS[8] is a wireless sensor
network simulator developed by researchers at UIUC.
It aims to provide realistic simulation ability for the
sensor nodes. It is platform-independent in that the
parameter profiles for the new platform can easily be
included. It allows modeling the physical environments
by including signal propagation features for grids of
concrete, grass, and walls. SENS is a good effort toward
providing simulation capabilities of the environment
but it suffers from accuracy and restricted to model
only radio and sound wave propagation. Other sensor
network simulators include Emstar[9] , JSim[10] , and
SensorSim[11] .
ATEMU[12] is a fine-grained sensor network
emulator. The ATEMU code is binary compatible with
MICA2 motes. The designers of ATEMU adopted
a hybrid model. The operation on individual node
is emulated in an instruction-by-instruction manner.
Node interactions via wireless transmissions are
simulated. Running the application code in a cycle-bycycle strategy improves the accuracy over TOSSIM.
However, ATEMU sacrifices speed and scalability to
achieve better accuracy. AVRORA[13] is written in Java.
It focuses on providing better accuracy for experiments
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on time dependent properties of radio communication.
Like ATEMU it executes the code instruction by
instruction with reduced synchronization overhead.
VMNet[14] and Jemu[15] emulate each sensor node and
provide better realization of wireless sensor networks.
MASSIVE[16] , NIST Net[17] , and NEMAN[18] provide
the platform for sensor network protocol development
and real time emulation for ad-hoc sensor networks.
Several wireless sensor network testbeds have been
deployed to perform experiments. Just to name a few,
Motelab[19] , the Mobile Emulab[20] , and the research
network[21] are among the better known sensor testbeds.
2.2

Background on SHM

SHM aims to determine the physical state and
serviceability of civil structures. The Smart Material
and Structure Lab at UH has designed smart aggregates,
which can be used both as actuators and sensors
to actively monitor the health of the system. Smart
aggregates are made of piezo-transducers. The property
of the piezo material is that it can generate vibration
when subjected to voltage and vice versa. Figure 1
illustrates the process of crack detection using the
smart aggregates. When an actuator is subjected to
a sinusoidal voltage, it generates mechanical wave
which travels through the structure. The energy of the
mechanical wave reduces drastically with the presence
of cracks along the propagation path. With an array of
smart aggregates, the damage intensity and location can
be estimated[22, 23] .

3

Emulator
Architecture
Implementation

consists of the following modules: (1) experiment
configuration and display, (2) serial port reading,
(3) sensing environment simulation, and (4) data
synthesis. Figure 2 shows the architectural overview of
WiSeREmulator. Based on user inputs to the experiment
configuration module, digital data is generated, which
is then played back using the DAC module. The DAC
module generates analog outputs simultaneously in 16
channels. The analog outputs from the DAC are injected
to the ADC pins of sensor nodes in the testbed, which in
turn digitize the data, process it, and transmit the results
to a base station. This data is read through the serial
port and displayed using a graphical user interface.
3.1

Hardware components

Figure 3 shows the hardware components of
WiSeREmulator as detailed in the following.
Digital to analog conversion module: This module
converts the digital data received from simulated,
synthesized or pre-stored data to analog signals.
The NI-9264, 16-channel analog output device from
National Instruments, has been used for this purpose. It
can generate 2.5104 samples/(s  channel). The device
is programmed using the MATLAB compatible NI-

and

WiSeREmulator aims to provide a framework, which
can emulate the sensing environment alongside testing
WSN protocols. The hardware component includes a
data sink, a multi-channel DAC, and a wireless sensor
testbed. The software component of WiSeREmulator

Fig. 1 Structural
aggregates[4] .

health

monitoring
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using

Fig. 2

WiSeREmulator architecture.

smart
Fig. 3

Hardware components in WiSeREmulator.
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DaqMx toolbox.
Testbed: It comprises of 25 wireless sensor nodes
(Tmotes). A subset of the nodes are programmed
for sampling the analog signal received at the analog
input pin from the digital to analog conversion
module. The nodes can process the data (e.g., wavelet
transformation) and transmit the raw/processed data to a
base station. Nodes are arranged in a 5  5 grid topology
as shown in Fig. 4. By adjusting the transmission
power level, we can control the topology (single-hop
or multi-hop) of the testbed. When the minimum
transmission power level is used, the maximum hop
length is 4 hops.
Base station: One node is programmed to transmit
command and receive data from all the 16 nodes. It
transfers the received data to PC using the USB port.
The Base station is placed at one corner of the testbed
and attached to a work station.
3.2

Software components

Experiment configuration and display: This module
is implemented in MATLAB. It provides an interface
to configure the experiment by selecting proper
sources and parameters. The experiment configuration
module gives three alternatives as inputs to an
experiment. Users can choose to use field experiment
data, synthesized data generated by the emulator
data synthesizer module, or can simulate the wave
propagation inside concrete using simulation software.
Serial port reading module: This module is
responsible for reading data from the serial port. After
reading the raw data from the port it parses the data
according to the packet structure, and extracts node
id, packet header information, and the payload. Data
from the nodes are plotted in real time using the
graphical user interface and stored in the database

Fig. 4 25-node testbed.
Among them, 16 nodes are
connected to the ADC via their analog input pins.
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for future use and analysis. To support fast data
acquisition, high-speed interface may be used. Our
current implementation is limited by the TmoteSky
hardware.
Sensing
environment
simulation
module:
To simulate wave propagation characteristics in
concrete structures and wave response of piezoelectric materials, we choose COMSOL multi-physics
software. It is an interactive simulation software, used
for modeling and solving scientific and engineering
problems. COMSOL models the laws of science on
the basis of partial differential equations and the Finite
Element Method (FEM)[24] . It simulates a wide range
of application areas including acoustics, bio-science,
chemical reactions, electromagnetic, Micro-ElectricalMechanical Systems (MEMS), structural mechanics,
wave propagation, radio frequency components,
etc. It has the ability to couple the Partial Differential
Equations (PDEs) of interacting physical phenomenon
to model the real life applications. COMSOL provides
GUI as well as scripting features for experiment
configuration. Standard CAD platforms and the SPICE
netlist are compatible with COMSOL. It also provides
bidirectional interfaces to MATLAB.
In WiSeREmulator, the COMSOL multi-physics
basic module is used in addition to the MEMS module.
A strap of piezo material is used to model the actuator
and sensor. Actuators and sensors are placed inside the
concrete structure. Two opposite surfaces of the piezo
strap act as open terminals where simulation voltages
can be applied on the actuator or induced voltage can be
measured on the sensor. Generally, sine wave or sweep
sine wave is applied as the excitation voltage. After
placing the actuators and sensors at desired locations
the electrical and mechanical boundary conditions are
properly selected. Mesh size for the model should be
carefully chosen for correct results. Selected mesh size
should be less than the time period of the excitation
sine wave. Cracks inside structures can be modeled as
materials of different mediums (e.g., air or water).
Data synthesis module: Users can synthesize
data using this module. It uses MATLAB’s signal
processing toolbox to process the data. Users can select
a basic sine, triangular or square wave. Various signal
processing operations can be performed including upsampling, down-sampling, delay, and emulation of
multi-path effects.
This option allows incorporation of simple
mathematical models for the sensing environments.
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However, it differs from physical layer modeling in
conventional simulators as the generated signal will
eventually be injected to the sensor nodes. Thus, this
module together with the ADC hardware can be viewed
as a channel emulator.
Signal processing module: For the purpose of data
compression in the sensor nodes, we have implemented
wavelet transform using the Cohen-DaubechiesFeauveau algorithm[25] , run-length encoding, and LZ77
encoding in NesC.

4

Experiment Configuration and Display

In this section, we present the configuration and display
interfaces in WiSeREmulator.
4.1

Configuration GUI

At the start of the emulator, the main menu pops up as
shown in Fig. 5 which gives three options to configure
the experiments. User can choose from (1) pre-stored
data, (2) synthesized data, and (3) COMSOL data.
Pre-stored data: This option provides a data input
interface to select pre-stored data sources suitable for
experiments, add and delete sensors from configuration.
Figure 6 shows the pre-stored data input interface.

Fig. 5

Fig. 6

Users can visualize the selected data source by
displaying it in the same interface. This feature is
useful since in SHMs there exist a large amount of
measurements collected using data loggers from realworld experiments.
Synthesized data: To use synthesized data for the
experiment, user can select a basic waveform (sine
wave/ square wave/ triangular wave) from a drop down
box in the GUI and choose the amplitude and frequency
for the signal. Figure 7 shows the data input interface
for synthesized data. One can further choose types of
operations (up-sampling, down-sampling, delay, etc.)
on the base signals as well as which sensors to inject
the signal to.
COMSOL data: To use the COMSOL to simulate
structure properties, users have two choices. One can
either use the MATLAB GUI in WiSeREmulator to
enter necessary structural parameters or choose the
COMSOL GUI to design the model and configure
the experiments. In the first case, WiSeREmulator
generates COMSOL compatible MATLAB scripts and
runs it with the COMSOL libraries to emulate the
wave propagation and piezo-transducer responses. In
the second case, users will have to store the COMSOL
model and configuration as a MATLAB compatible file
in the process of experiment configuration. Figure 8
shows a snapshot of COMSOL data input interface.
To set up the experiments, users provide the location
and size of piezo sensors, location and size of cracks,
and actuator voltage wave form. WiSeREmulator takes
the input parameters and stores them in COMSOL
compatible MATLAB scripts. COMSOL also supports
CAD models as input. However, modifying CAD
models with MATLAB-based interfaces is not yet
available.

Main menu.

Pre-stored data input interface.
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Fig. 7

Synthesized data input interface.
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wave propagation inside structures and the piezo
electric transducer responses. Attenuations of the
wave amplitude over frequencies are measured and
compared with field experiment data. The second set
of experiments is conducted to evaluate the complete
emulation framework in a close-loop manner.
5.1

Fig. 8

4.2

COMSOL data input interface.

Multi-channel data visualization

WiSeREmulator provides GUI to display multichannel data received from the sensor testbed via the
basestation. Figure 9 gives a snapshot of the display
interface. Data from different nodes are displayed with
different colors. The GUI also allows users to zoom in
or out on a particular segment of data. Correct packets
are classified by their node id and stored separately. In
the GUI, data from different nodes, are displayed using
different colors.

5

Evaluation

To evaluate the feasibility and accuracy of the emulator,
two sets of experiments have been carried out. The
first set of experiments is designed to evaluate the
feasibility of using COMSOL software to emulate

Fig. 9

Serial port data display interface.

Comparison with field experiments

In the field experiments, four piezo-electric transducers
(20 mm  2 mm) are placed 15 cm apart inside a
15 cm  15 cm concrete beam. The actuator is subject
to 100-V sine waves. We configure COMSOL
simulations using the same set of parameters via
WiSeREmulator GUI.
Figure 10 shows the signal received at the sensor
subject to 1 kHz and 10 kHz sine wave actuation with
the test beam and COMSOL simulations, respectively.
Figure 11 gives a pair-wise comparison of the peak
amplitude of received signals under both settings. We
observe that COMSOL simulation results follow the
same trend as the field experiment results as the
frequency varies. Furthermore, we observe that waves
with higher frequency tend to attenuate more. This
implies the propagation channel in concrete beams is
frequency selective.
5.2

Effect of distance and cracks

To see the effects of distance on wave propagation,
a 2-D model of a concrete beam of 2 m  2 m is
designed. One piezo transducer is configured as an
actuator by providing 100 V sine wave to its floating
point terminals. Four other piezo transducers are placed
0.25 m, 0.5 m, 0.75 m, 1 m, and 1.25 m away from
the actuator. Voltage is measured at each location and
plotted in Fig. 12. Due to the limitation on the length
of the test beam, we do not have field measurements at
different distances. However, the COMSOL simulation
results coincide with the well-known fact that the higher
frequency wave attenuates faster inside inhomogeneous
materials (e.g., concrete).
To simulate cracks, we insert slabs of different
materials in COMSOL. A rectangular crack is placed
inside a concrete block between two piezo transducers,
which act as sensors. Another piezo transducer is
placed at one end of the concrete block as the actuator,
subjected to 100 V and 1 kHz sine wave excitation.
Figure 13 shows the peak amplitude of the received
signal at the sensor which is placed closer to the actuator
and before the location of the crack, and the voltage
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(a) Test beam (1 kHz)

(b) Simulated (1 kHz)

(c) Test beam (10 kHz)

(d) Simulated (10 kHz)

Fig. 10

Fig. 11
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Received wave forms using test beam and COMSOL simulations.

Wave attenuation over different frequencies.

induced in the piezo transducer placed behind the crack,
respectively.
From the simulation results it is observed that the
received signal strength is drastically reduced due to

Fig. 12 Wave attenuation over distance. In COMSOL, for
tractability, distances are scaled down by 1000 times.

the presence of the crack. This can be attributed to the
discontinuity in the path of stress wave propagation, and
is consistent with real measurements.
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(a) Without crack
Fig. 13

5.3

Voltage induced in two piezo transducers in front of and behind a crack due to 1 kHz sin wave at the actuator.

Integrated testing

In this set of experiments, we perform close-loop
testings. Outputs from COMSOL simulations are
converted into analog signals, which are in turn
injected to the 16 sensor nodes in the testbed. Sensors
sample the input signals, compress them using Wavelet
transformation locally, and transmit the compressed
data to the sink. Two scenarios are considered by
carefully tuning the transmission power level at the
sensors, namely the single-hop topology and multi-hop
topology (maximum 4 hops).
Packet error rates are measured at the sink after
running each experiment for 5 minutes. Five runs are
conducted for each setting. Figures 14 and 15 show
the packet error rate for the single hop and multi-hop
scenarios, respectively. We observe that the packet error
rate is much lower in the multi-hop topology. This
is because the multi-hop topology allows better spatial
reuse. Though the total amount of data received at the

Fig. 14

(b) With crack

Data transmission in single-hop scenario.

sink are roughly the same, less nodes are contending
directly for transmission to the sink in the multi-hop
scenario.

6

Conclusions and Future Work

WiSeREmulator is the first of its kind in providing
emulation capabilities for the sensing environments
alongside the evaluation of network protocols and
algorithms in real-world testbeds. COMSOL emulates
the wave propagation inside concrete structures closely
to the real experiments. It will save significant time
and cost for structural health experiments. Due to
the modular architecture of the emulator, additional
environmental emulation extension can be easily
included. Multi-hop network configuration of the
emulator will be useful for testing new MAC and
network protocols. As future work, we are interested
in extending the emulator with remote configuration
and control capabilities, which will allow external

Fig. 15

Data transmission in multi-hop scenario.
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users to access WiserEmulator and perform experiments
remotely.
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